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ABSTRACT

In this paper, analytical and simulation results for the bit error rate (BER) performance and
fading penalty of a coherent optical binary polarization shift keying (2PolSK) heterodyne system
adopted for a free space optical (FSO) communication link modeled as the log-normal and the
negative exponential atmospheric turbulence channels are presented. The conditional and
unconditional BER expressions are derived, demonstrating the comprehensive similarity
between the 2PolSK and the binary frequency shift keying (2FSK) schemes with regards to the
system sensitivity. The power penalty due to the non-ideal polarization beam splitter (PBS) is
also analyzed. The receiver sensitivity employing 2PolSK is compared with other modulation
schemes in the presence of turbulence and the phase noise. The results show that 2PolSK offers
improved signal-to-noise ratio (SNR) performance compared to the binary amplitude shift

keying (2ASK).

l. INTRODUCTION

The research in the field of FSO communication has grown exponentially since 1970 and a large
number of commercial products based on FSO technology are now readily available. FSO is
proposed as a complementary technology to the radio frequency (RF) technology. FSO offers an

unregulated bandwidth in excess of THz and very high speed which makes them extremely
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attractive means of meeting the ever-increasing demand for broadband traffic, mostly driven by
last-mile access network and HDTV broadcasting services [1]. FSO systems based on the
wavelength division multiplexing (WDM) technology can reach up to 1 Terabit/s capacity or even
beyond [2]. Further advantages include smaller and more compact transceivers, reduced

installation and development cost and immunity to the electromagnetic interference [1].

On the other hand, FSO link with an inherent low probability of intercept and anti-jamming
characteristics is among the most secure of all wide-area connectivity solutions. Unlike many RF
systems that radiate signals in all directions, thus making the signal available to all within the
receiving range, the FSO transceivers, uses a highly-directional and cone-shaped laser beam
normally installed high above street level with a line-of-sight propagation path. Therefore the
interception of a laser beam is extraordinarily difficult and anyone tapping into the systems can
easily be detected as the intercept equipment must be placed within the very narrow optical foot
print. Even if portion of the beam is intercepted, an anomalous power loss at the receiver could
cause an alarm via the management software. To protect the overshoot energy against being
intercepted at the receiver part, a window or a wall can be set up directly behind the receiver [1, 3].
Based on these features, FSO communications systems developed for voice, video and broadband

data communications are used by security organizations such as government and military [2].

However, the optical carrier (laser beam) propagating through the free space channel suffers
from the atmospheric turbulence induced fading. The atmospheric turbulence is caused by the
fluctuations of the atmosphere’s refractive index due to inhomogeneities in temperature and
pressure in atmosphere [4, 5]. This leads to random fluctuations in the direction, intensity and
phase of the laser beam carrying the information [6]. Whereas, it has been experimentally
verified that polarization is less sensitive to the turbulence fluctuation experienced by the laser
beam propagating through the channel [7].

ASK, PSK, differential PSK(DPSK) and FSK are the most common band-pass modulation
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formats adopted for optical and non-optical communication systems. ASK with the on-off keying
(OOK) format is the simplest and most widely used but it is highly sensitive to the channel
turbulence [3]. To achieve the optimal performance, an adaptive thresholding scheme has to be
applied at the receiver, thus increasing the system complexity. Compared to the ASK (OOK),
FSK, PSK and DPSK techniques require no adaptive thresholding scheme and offer improved
performance in the presence of turbulence [3]. However, angular modulation schemes are highly
sensitive to the phase noise, thus requiring a complex synchronization at the receiver [8].
Furthermore, the frequency offset in DPSK leads to the additional power penalty owing to
delayed and undelayed bits not being in phase [9]. The FSK scheme is bandwidth inefficient and
offers inferior BER performance compared to the PSK and DPSK in the additive white Gaussian
noise (AWGN) channel [9].

PolISK is proposed as an alternative modulation technique to both envelop- and phase- based
modulation schemes. The digital information is encoded in the state of polarization (SOP) of the
laser source [10, 11]. Stokes parameters are used to represent the SOP so the symbol
constellation is scattered over a three-dimensional (3-D) space [11]. PolSK offers high immunity
to the laser phase noise [9, 11]; and maintains SOPs over a long propagation link [5, 7]. In
comparison to DPSK and FSK modulation techniques, the PolSK signal doesn’t suffer from
excess frequency chirp generated by the all-optical processing devices [9]. Additionally, PolSK
modulation is especially attractive for the peak power limited systems because of its constant
envelope, which also demonstrates reduced sensitivity to the self phase modulation (SPE) and
the cross phase modulation (XPM) [11].

The objective of this work is to carry out the analysis of an optical coherent heterodyne system
employing 2PolSK scheme in the presence of turbulence. The turbulence channel is modeled as
the lognormal and the negative exponential distributions covering weak to strong turbulence

regimes. The FSO link under consideration is line-of-sight, thus only the background radiation



modeled as an AWGN is considered. The power penalty caused by the non-ideal polarization
beam splitter (PBS) will also be discussed.

The rest of the paper is organized as follows: the lognormal turbulence and the negative
exponential turbulence models for the FSO channel are introduced in Section |1, followed by the
detailed description of the proposed 2PolSK heterodyne transceiver structure in Section Ill. The
conditional and unconditional BER expressions of the 2PolSK system with an ideal PBS are
derived in section IV. The analysis of the non-ideal PBS impaction on the BER is showed in
section V. Section VI presents the simulation results of the BER performance in comparison with
other modulation formats in the presence of weak and strong turbulence regimes. The conclusion

is given in Section VII.
1. TURBULENCE MODEL

A.  The lognormal model

In FSO links signal fading is the result of the received signal fluctuation caused by the
atmospheric turbulence. The fading strength depends on the link length, the operating
wavelength and the channel refractive index structure parameter . The weak atmospheric
turbulence regime can be described by the lognormal distribution [12, 13] and it is characterized

by the Ryotov variance

where L is the propagation distance and k is the wave number. The limitation of the log-normal
model is defined by the Ryotov variance rage [14].
The probability density function (PDF) of the received irradiance in the log-normal channel is

given by [14]:



where  represents the received irradiance at the receiver and is the received irradiance
without scintillation.

B. The negative exponential model

For a strong atmospheric turbulence , the negative exponential model should be adopted
[14]. The intensity fluctuation of the laser field transmitted through the strong turbulence channel
is experimentally verified [14] to obey the Rayleigh distribution which implies negative

exponential statistics for the irradiance. The expression is given as:

Other turbulence models such as the I-K [15] and the gamma-gamma [16] are all included in the

negative exponential distribution in the limit of strong turbulence.
I1l.  SYSTEM DESCRIPTION

The block diagram of the proposed transmitter is shown in Figure 1. The PolSK modulator is
based on the LiNbO3device with the operating wavelength of 1550 nm [17]. V4 and V;, are used
to control the amount of light launched in either polarization and the relative phase of the
two polarizations, respectively. The third electrode Viyaicn applied to the 3 dB coupler is used for
wavelength matching. are the axes of polarization used to represent the input digital
symbols ‘0’ and ‘1°, respectively. Thus the constant optical power has been achieved at the
output of the PoISK modulator in order to fully utilize the output power of the laser source. To
increase the power launched into the FSO channel one might use an optical amplifier at the
output of the PolSK modulator.

Figure 2 represents the block diagram of the proposed coherent optical PolSK heterodyne



receiver. An optical lens is used to focus the received beam into the receiver. The received signal
E.(t) can be viewed in both cases as two orthogonal ASK signals, related to orthogonal
components of the transmitted optical field. The local oscillator Ej,(t) is linearly polarized at

with respect to the receiver reference axes. Uncorrelated E((t) and Ejo(t) signals are given by:

where P, and Py, are the received signal and local oscillator signal powers, respectively.
and are the angular frequencies and phase noises for the received and local
oscillator fields, respectively and m(t) is the binary information.

E.(t) and Ejo(t) are mixed using an unbalanced directional coupler with a transfer matrix given

by [8]:

where is the power splitting ratio.
Therefore, the optical field Eq(t) at the coupler output and consequently at the PBS input is

given by:

The outputs of the PBS are defined as:

Assuming an electron is generated by each detected photon, the outputs of two identical optical
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receivers are passed through ideal BPFs (of a one-sideband bandwidth W = 2Ry, where Ry, is the

data rate) with the outputs defined as:

where R is the photodiode responsivity, and are the
intermediate angular frequency (IF) and the intermediate phase noise, respectively. The system
noises {nx(t), n,(t)} are modeled as independent, uncorrelated AWGN noises with a zero mean
and a variance o, = WNo, where Ny is the one-sideband noise power spectral density.

The ideal square-law demodulators composed of electrical mixers, low-pass filters, a sampler
and a threshold detector is used to recover the information signal. Note that the phase noise
contribution is not included because the square-law demodulation has been adopted [8].

Since the optical field is linearly polarized and its power is unchanged, the Stokes parameters are

expressed as [18]:

where So, S;, S; and Sz are the estimation Stokes parameters; and {ni(t)}i-0123 are the noise
contributions which are independent of the received SOP and have the same variance. Note that
the proposed 2PolSK refers only to the parameter S;. A digital symbol ‘0’ is assumed to have
been received if S; is above the threshold level of zero and ‘1’ otherwise. Two orthogonal SOPs
map onto opposite points at S; on the equator with respect to the origin in the Poincare sphere

shown in Figure 3.



The following hypotheses must be presumed in such a way that the quantum limit of the

proposed receiver can thus be determined [8]:

o To neglect the penalty induced by the unbalanced directional coupler, its coefficient §
chosen to be close to unity;

o The power of the LO power is assumed to be sufficiently high;

. The responsivity of the PD is assumed to be equal to unity;

o Filters don’t cause any signal distortion and only limit the noise power and eliminate the
undesired signal components;

. PDs and filters on different electronic branches at the receiver are assumed to be identical.
V. BIT ERROR PROBABILITY ANALYSIS

Assuming independent and identically distributed (i.i.d.) data transmission, the total probability

of error P, conditioned on the received irradiance is given by:

where P(e|0) is the conditional bit error probability for receiving a ‘1’ provided a ‘0’ was sent.
Noise signals {ny(t), ny(t)}, including the background noise and the quantum noise can be

expressed as [19]:

where {nyi(t), nyq(t)} and {nyi(t), nyy(t)} are the phase and quadrature components, respectively,

having a normal distribution with a zero-mean and a variance of o,%.

Given m(t) =0 and , (8) are given by:

The baseband outputs V(t) and V,(t) for the upper and the lower arms (Figure 2), respectively
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are given as:

Vy(t) and Vy(t) have fixed mean values and the same variance given by:

With , the PDFs of Vi(t) and V,(t) can be described by the Rice and the Rayleigh

probability functions, respectively [19]:

where |y is the zero order modified Bessel function of the first kind [19].

The conditional BER for m(t) = 0 can be derived as:

By invoking changes of variables and ~ and substituting into (16),

P now becomes:

Defining the Q-function as [19]:



Pec IS represented as:

The electrical signal-to-noise ratio (SNR) at the output of the BPF is defined as:

Pec can be expressed in terms of the SNR by substituting (20) into (19):

This result is same as the BER expression of FSK. With regards to the system sensitivity, PoISK
and FSK techniques have complete equivalence [20].

Adopting the approach given in [21], the unconditional probability Pe is obtained by averaging
(21) over the log normal (2) and the negative exponential irradiance fluctuation statistics (3)

given as:

V. ANALYSIS OF THE POWER PENALTY DUE TO THE NON-IDEAL POLARIZATION BEAM

SPLITTER

A. An offset angle relative to one of the transmission axes of the linear polarized light
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The PBS can be viewed as two ideal linear polarizers orthogonally oriented to each other. The
non-ideal PBS results in an offset angle from transmission axes of the linear polarized light as
in Figure 4, where and are linearly polarized for the bit ‘0’ and bit “1’, respectively which
contributes to the power penalty incurred. Figure 4 depicts the offset angle from one
transmission axis of the linear polarized light. In this case, bit ‘1’ is detected without errors

while bit ‘0’ is not. The outputs from the PBS are given as:

Thus, the photo-currents generated by the PDs are:

The demodulated signal S; at the output of the receiver is expressed as:

For m(t) =0,
Form(t) =1,
Since the offset angular error only reduces the signal power by a factor of when ‘0’ is sent,

the BER is given as:
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B. An offset angle relative to one of the transmission axes of the linear polarized light
In Figure 5(a), the total offset angle of the transmission axes of both polarizers from the SOP of

the incoming light is equivalent to . The BER is calculated as:

Since the offset angular error reduce the signal power by a factor of for both ‘0’ and ‘1°, the

conditional BER is expressed as:

In Figure 5(b), the total offset angle is the same as . However, the orthogonality of the

polarizers is preserved. The BER can be derived as:

Performances are the same for a non-orthogonal deviation of the transmission axes and for an
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orthogonality-preserving deviation of the transmission axes. This is because of the equal amount
of the offset angle for both cases.

Figure 6 illustrates the receiver sensitivity power penalty to achieve a BER of 10° against
different offset angles from one or both transmission axes of the incident light. The power
penalty is higher for a deviation of the transmission axis of only one polarizer compared to an
equal deviation of the transmission axes of both polarizes at the same offset angle. For example,
when the offset angle is 10°, power penalties are ~ 0.16 dB and ~ 0.06 dB for Case A and Case B,
respectively. When the offset angle increases to 40°, the difference in power penalty between the
case A and case B rises to ~ 6.21 dB. The power penalty required to achieve a BER of 10

increases with the offset angle.
VI. RESULTS AND DISCUSSIONS

A. Performance degradation induced by LO phase noise ¥

The phase noise ¥ generated from the LO causes a sensitivity penalty. As mentioned in the
introduction section, coherent systems based on the envelop modulation (ASK) and angular
modulation techniques (PSK) are highly sensitive to the phase noise effect. Phase noise is not
considered in the proposed 2PolSK system because the transmitted information is encoded into
polarization states and the electrical processing at the receiver is based on the square-law
demodulation [22]. Figure 7 shows the numerical BER performance of the proposed 2PolSK
system against the SNR for a range of phase noises without considering the turbulence. For
comparison, performances of 2ASK and 2PSK systems are also shown. The expressions for BER
for ASK and PSK in the presence of phase noise can be found in [23]. The phase noise , which
is caused by the LO at the receiver, decreases the signal power by a factor of for 2ASK
and 2PSK modulation schemes [23]. For 2PSK, 2PolSK and 2ASK schemes to achieve a BER of
107 in an ideal case (¥ = 0°), SNR requirements are ~ 12.55 dB, ~ 16.02 dB and ~ 18.56 dB,

respectively. To achieve the same BER at W = 30°, SNRs increase to ~ 13.80 dB, ~ 16.02 dB and
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~19.82 dB, respectively. For ¥ = 50°, 2PolSK outperforms 2PSK and 2ASK by ~ 0.36 dB and ~
6.39 dB, respectively.
B. Performance degradation induced by the turbulence
Following the analytical approach outlined above, the BER performance of the coherent optical
2PolISK heterodyne transmission system through an FSO link is evaluated. The turbulence
effects are considered as intensity noise. The simulation results are compared with 2ASK (with
fixed threshold and adaptive threshold) and 2PSK. To investigate the effects of turbulence on the
system performance, the BER metric and the fading penalty are shown under different channel
conditions. Figure 8 depicts the fading penalty against the weak turbulence variances for a range
of BERSs. For a fixed BER, the fading penalty increases with the turbulence variance. To achieve
a BER of 107, the fading penalties are ~ 3.3 dB and ~ 6.7 dB for and :
respectively. Fading penalty is higher for lower values of BER at the same turbulence level. For
example, for a turbulence variance of 0.5 the fading penalties are ~ 5.1 dB, ~ 8.8 dB and ~ 11.6
dB corresponding to BERs of 10, 10 and 10°°, respectively. A much higher fading penalty of ~
17.2 dB at scintillation levels close to 0.9 is observed for a BER of 107, thus demonstrating the
vulnerability of the system under extreme turbulence conditions.
BER perfromances of 2PolSK scheme under weak turbulence and strong turbulence
regimes in comparison with 2ASK and 2PSK schemes are depicted in Figure 9. The
superiority of 2PolSK modulation scheme in terms of the SNR required to achieve a desired
BER is made evident. When the weak turbulence regime presents, 2PolSK outperforms and
underperforms 2ASK and 2PSK, respectively in terms of SNR to achieve the same BER. When
the turbulence variance is , the SNR requirement is ~ 38.76 dB to achieve a BER of 10°°
for 2PoISK scheme. The value of SNR rises to ~ 46.26 dB at the same turbulence condition
when the error performance level is raised to a BER of 10®. The SNR is higher for other

modulation techniques as shown in the figure.
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The performance of the proposed 2PolSK system in a strong turbulence FSO channel is also
shown. The BER performances in the strong turbulence regime are much worse than they are in
the weak turbulence regime for the same SNR. For a SNR of 48 dB, BERs of 2PolISK are equal
to ~ and ~ for and , respectively. The BER
performance of 2PolSK is placed between 2ASK (with fixed threshold and adaptive threshold
detection schemes) and 2PSK. At SNR = 34 dB and , the BER performances are ~
, ~ 0.01, ~ 0.02 and ~ 0.19 for 2PSK, 2PolSK, 2ASK with adaptive threshold and
fixed threshold schemes, respectively. Information encoded in phase and SOPs outperform
amplitude modulation in the strong turbulence induced fading channel.
The difference in the performance of different modulations is attributable to how the information
is embeded in the optical carrier signal. Compared to the intensity modulation / direct detection
schemes, the PoISK scheme can improve the receiver sensitivity. 2ASK is more prone to the
intensity fluctuations compare to 2PolSK and 2PSK where information is embeded in the SOP

and phase, respectively.
VII. CONCLUSION

The analytical conditional and unconditional error probabilities for a coherent optical 2PolISK
heterodyne system adopted for an FSO communication link through the weak and strong
atmospheric turbulence channels were calculated and verified using computer simulations.
Results presented have shown the susceptibility of 2PolSK scheme when it is operated in a
turbulence environment in terms of the required SNR in order to achieve a given BER. A fading
penalty of ~ 8.1 dB was observed at a turbulence variance of at a BER of 10®;
increasing to ~ 17.2 dB at a turbulence variance of . The receiver sensitivity penalty due
to the non ideal PBS has also been analyzed. The comparative study of 2PolSK, 2ASK and 2PSK
has shown that 2PolSK offers the highest immunity to the LO phase noise while offers improved
performance in a turbulence channel. Therefore, the choice of modulation scheme depends on
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the application and requires a trade-off between the simplicity, power and bandwidth efficiencies.
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Figure 4: An offset angle relative to  polarized light.

(@) (b)

Figure 5: (a) A non-orthogonal deviation of the transmission axes, and (b) An orthogonality-

preserving deviation of the transmission axes from the SOPs of the incoming light.
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Figure 6: Receiver sensitivity power penalty against the offset angle at a BER of 10°® for: Case
A: an offset angle relative to one of the transmission axes of the linear polarized light; and Case

B: an offset angle relative to both transmission axes of the linear polarized light.
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Figure 7: The comparison of the BER performance of 2ASK, 2PSK and 2PolSK against the

normalized electrical SNR for a range of phase noises with no atmospheric turbulence.

21



Fading Penalty [dB]

0 02 04 06 08
Turbulence Variance G|2
Figure 8: The fading penalty against the log intensity for the PolSK heterodyne system in a weak

atmospheric turbulence under different BER conditions.
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Figure 9: The BER against the SNR of 2PolSK compared to the 2ASK and 2PSK in weak

and strong turbulence regimes.
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